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Spectral measurements in the infrared (IR) optical range provide unique fingerprints of 
materials which are useful for material analysis, environmental sensing, and health 
diagnostics
1
. Current IR spectroscopy techniques require the use of optical equipment 
suited for operation in the IR range, which faces challenges of inferior performance and 
high cost. Here we develop a spectroscopy technique, which allows spectral 
measurements in the IR range using visible spectral range components. The technique is 
based on nonlinear interference of infrared and visible photons, produced via 
Spontaneous Parametric Down Conversion (SPDC)
2,3
. The intensity interference 
pattern for a visible photon depends on the phase of an IR photon, which travels 
through the media. This allows determining properties of the media in the IR range 
from the measurements of visible photons. The technique can substitute and/or 
complement conventional IR spectroscopy techniques, as it uses well-developed optical 
components for the visible range. 
Entangled photons continue to play a crucial role in advancing many areas of quantum 
technologies, including cryptography
4,5
, computing
6,7
 and metrology
8,9
. They can be obtained 
using a variety of methods, with SPDC in non-linear optical crystals, being well established
10
. 
We consider a specific type of interference technique, referred to as a non-linear 
interferometry, which is analogue to a conventional Mach-Zehnder or Young interferometer 
but with the two splitting mirrors being substituted with two SPDC crystals
3
. In a non-linear 
interferometer, two SPDC crystals are pumped by a common laser, so that down-converted 
photons (signal and idler) from one crystal are injected into the second crystal. Signal and 
idler photons from the two crystals interfere and produce a distinctive interference pattern in 
frequency and spatial domains. Depending on experimental configuration one can observe 
interference either in intensity or in the second-order correlation function
11-13
.  
One remarkable feature of non-linear interferometers is that the interference pattern for signal 
photons is determined by a total phase, acquired by all three propagating photons: the signal, 
the idler and the pump
2,3
. This is different than conventional interferometry, where the 
interference pattern is defined solely by the phase of the signal photon. From the interference 
pattern of the signal photon, it is possible to infer a relative phase of an idler photon. Actual 
detection of idler photons is not required. This scheme has found its applications in imaging 
with undetected photons
14
, interferometry below the shot-noise
15
 and spectroscopy of Raman 
scattering by polaritons
16
.  
Here we address the problem of optical investigation of materials in the infrared (IR) range. 
IR spectroscopy is a powerful tool for chemical analysis and sensing
1
. A number of well-
developed techniques are commercially available, including transmission spectroscopy and 
Fourier Transform IR (FT-IR) spectroscopy. The common requirement for these techniques is 
the use of IR light sources, photodetectors, and optical elements. These components often 
have inferior performance and higher cost in comparison to their visible range counterparts. 
Here, for the first time, the nonlinear interferometer is applied to simultaneous measurements 
of the refractive index and absorption of a medium in the broad IR range without the need of 
IR equipment. The IR properties of the medium are inferred from the interference pattern for 
the signal photons in the visible range, measured with accessible optical instruments.  
A nonlinear Mach-Zehnder interferometer comprised of two SPDC crystals pumped by a 
common laser is the foundation of this technique, see Fig.1. Two identical crystals with 
thickness 𝐿 are separated by distance 𝐿𝑚 . The crystals are set to produce signal and idler 
photons in the visible and IR range, respectively. We assume a quasi-collinear regime of 
SPDC, when the diameter of the pump beam 𝑎 ≫ 𝐿𝑚 ∗ max⁡{𝜃𝑠 , ⁡𝜃𝑖 }, where 𝜃𝑠,𝑖⁡ is the 
emission angle for signal (s) and idler (i) photons. In this case the dependence of the intensity 
of signal photons on the wavelength 𝜆𝑠 and the emission angle θs is given by
17
: 
𝐼𝑠(𝜆𝑠, 𝜃𝑠) ∝
1
2
[𝑠𝑖𝑛𝑐 (
𝛿
2
)]
2
{1 + 𝑐𝑜𝑠(𝛿 + 𝛿𝑚)},    (1) 
𝛿(𝜆𝑠, 𝜃𝑠) = (𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖)𝐿,                         𝛿
𝑚(𝜆𝑠, 𝜃𝑠) = (𝑘𝑝
𝑚 − 𝑘𝑠
𝑚 − 𝑘𝑖
𝑚
)𝐿𝑚, 
where⁡𝑘𝑗 and 𝑘𝑗
𝑚 are the wavevectors in the SPDC crystal and in the gap, respectively, and 
𝑗 = 𝑠, 𝑖, 𝑝 for signal, idler and pump photons. The wavevectors are given by ⁡𝑘𝑗 = 2𝜋𝑛𝑗/𝜆𝑗, 
and 𝑘𝑗
𝑚 = 2𝜋𝑛𝑗
𝑚/𝜆𝑗, where 𝑛𝑗 ⁡(𝑛𝑗
𝑚) is the refractive index of the SPDC crystal (of the gap), 
and 𝜆𝑗 is a wavelength. We consider that SPDC crystals are transparent for signal, idler and 
pump photons, and corresponding refractive indices 𝑛𝑠, 𝑛𝑖, 𝑛𝑝 are known. In equation (1) the 
first term defines the SPDC spectrum of an individual crystal, and the second term defines 
modulation due to interference. The modulation term depends on the total phase acquired by 
signal, idler and pump photons in the crystals and in the medium.  
When the medium with absorption at the wavelength of idler photons is introduced in the gap 
between the crystals, the interference pattern is given by
17
: 
𝐼𝑠(𝜆𝑠, 𝜃𝑠) ∝
1
2
[𝑠𝑖𝑛𝑐 (
𝛿
2
)]
2
{1 + |𝜏𝑖
𝑚|𝑐𝑜𝑠(𝛿 + 𝛿𝑚)}    (2) 
where 𝜏𝑖
𝑚  is the transmission coefficient of the medium for the idler photon. We assume 
|𝜏𝑖
𝑚| ∝ 𝑒𝑥𝑝(−𝛼𝑖
𝑚𝐿𝑚) , where 𝛼𝑖
𝑚  is the Bouguer absorption coefficient. Visibility of the 
interference for signal photons, defined as 𝑉𝑠 =
𝐼𝑠,𝑚𝑎𝑥−𝐼𝑠,𝑚𝑖𝑛
𝐼𝑠,𝑚𝑎𝑥+𝐼𝑠,𝑚𝑖𝑛
, vanishes with 𝜏𝑖
𝑚 → 0.⁡It can be 
used for estimation of the absorption coefficient 𝛼𝑖
𝑚 = −
ln⁡(𝑉𝑠)
𝐿𝑚
.  
From equation (2) it follows that introduction of the medium between the crystals shifts the 
interference fringes due to an additional phase, proportional to the refractive index 𝑛𝑗
𝑚. Also 
the visibility of the fringes decreases depending on 𝛼𝑖
𝑚. Without loss of generality we assume 
that the medium is transparent for signal and pump photons, and that the refractive indices for 
signal and idler photons 𝑛𝑠,𝑝
𝑚  are known. Then, by fitting the measured interference pattern 
with equation (2), we can infer both the refractive index 𝑛𝑖
𝑚 and the absorption coefficient 
𝛼𝑖
𝑚 for the medium at the wavelength of idler photons. Note that 𝑛𝑠,𝑝
𝑚 , can be measured using 
accessible visible light equipment.  
Carbon dioxide gas (CO2) has been chosen as the medium of interest in our experiments due 
to its importance as a greenhouse gas and also for its use in clinical breath diagnostics. CO2 is 
transparent in the visible and it absorbs light in the mid-IR, - the wavelength range where we 
demonstrate the applicability of our technique.  
We studied the absorption line of CO2 associated with an asymmetric stretching mode at the 
wavelength of 4.3 micron. The wavelength of an idler photon in the SPDC coincides with the 
center of the absorption line of CO2. The wavelength of the signal photon is calculated 
according to the energy conservation law for the SPDC
10
. For the case of the absorption line 
at 4.3 micron, the wavelength of the signal photon is at 608 nm. 
Interference patterns of the intensity in angular-wavelength coordinates for the signal photon 
at zero concentration of CO2 and at CO2 pressure of 7.7 Torr are shown in Fig.2a and Fig. 2b, 
respectively. The insets in each figure correspond to an angular distribution of the intensity of 
signal photons at the selected wavelength, denoted by a vertical yellow line. Interference 
fringes clearly shift and their visibility is reduced as a result of the interaction of idler photons 
with CO2, see the animation in the supplementary materials section.  
First, we obtain the dependence of the absorption coefficient and the refractive index on the 
wavelength of the idler photon. Angular cross-sections at different wavelengths of signal 
photons are fitted by equation (2) with 𝑛𝑖
𝑚, 𝛼𝑖
𝑚 being the only fitting parameters (Levenberg–
Marquardt algorithm, confidence level ~ 95%). Values of the refractive index of CO2 in the 
visible range are taken from the literature
18
, and we take their dependence on pressure to be 
linear.  
The absorption coefficient 𝛼𝑖
𝑚 is calculated from the visibility of the interference pattern. The 
reference value of the visibility is determined from a measurement with vacuum (20 mTorr) 
between the crystals. Experimental results at a CO2 pressure of 10.5 Torr are shown in Fig. 
3a. The dependence exhibits a peak at 4.3 µm with the full width at a half maximum of 140 
nm. The result is in good agreement with calculations based on data from Hitran
19
, assuming 
the spectral resolution of our setup. 
The dependence of the refractive index on the wavelength at the same pressure of CO2 is 
calculated from the relative shift of the interference fringes from the vacuum case. The 
experimental dependence is shown in Fig. 3b and it is found in good agreement with the 
theory based on Kramers-Kronig equations, applied to the absorption data.  
We also study the dependence of the absorption coefficient 𝛼𝑖
𝑚 as a function of gas pressure 
at different wavelengths of the idler photon, see Fig. 4a. Steeper dependences correspond to 
wavelengths closer to the absorption line. The dependence of the refractive index 𝑛𝑖 on the 
pressure for different wavelengths are shown in Fig. 4b.  
The obtained dependences exhibit some nonlinearity in the vicinity of the absorption line. We 
refer this fact to different mechanism of broadening of the absorption line at different 
pressures
20,21
. At lower pressure the line exhibits Doppler broadening due to motion of 
molecules. At higher pressure the line takes the Loretzian shape due to collision broadening. 
There are intermediate points between these two cases when both mechanisms play a role. 
However, away from the absorption line the measurements of refractive index (green 
triangles at Fig. 4b) show linear dependence on pressure, which yields n=1 at P=0 Torr. 
In conclusion, the suggested approach allows direct measurement of real and imaginary parts 
of a complex refractive index of a medium in broadband IR-range by detecting photons in the 
visible range. The technique relies on non-linear interference of frequency entangled photons, 
produced via SPDC. The method does not suffer from losses in the optical path due to 
absorption by water vapor, which is a known issue for conventional IR spectroscopy. . The 
accuracy of the technique reaches ~5*10
-6
 in determination of the refractive index and ~10
-
3
cm
-1
 in determination of the absorption coefficient, which is comparable with state-of-art IR 
methods
1
.  
Due to broad tunability of the SPDC source, this method can be tailored to satisfy 
requirements for a desired operation range and spectral resolution, including the far-IR and 
terahertz ranges
22,23
. At the same time further improvement to the sensitivity is feasible by 
using interferometers with larger base and/or multi-pass configurations. This developed 
approach helps to overcome some limitations of conventional IR-spectroscopy techniques 
and represent a practical alternative or complementary technique for applications in material 
analysis and sensing. 
Methods 
Optical setup. The pump beam from a 532 nm CW laser (Spectra-Physics, Millennia V) with the 
waist a=2 mm is sent through two identically oriented MgO:LiNbO3 crystals (Dayoptics, doped with 
5% Mg, transparency range from 0.45 to 5 µm) with thickness L=0.5 mm. Optical axes of the crystals 
are cut at 50 degrees to the surface for type-I SPDC (e→oo interaction). The crystals are placed in a 
custom made vacuum chamber (with two optical windows) at a distance of Lm=25 mm from each 
other. Changing the orientation of the crystal optical axis allows tuning of the frequency of signal and 
idler photons and to study CO2 resonances at different wavelengths. The chamber is pumped down to 
20 mTorr and vacuum is used as a reference media with ni,s,p=1. The CO2 gas (National Oxygen, 
purity ≥ 99.99%) is fed into the vacuum chamber from a gas cylinder, and its pressure is controlled by 
a gauge sensor (Granville-Phillips, 275 Mini-Convectron). After passing through the crystals the 
pump beam is filtered by two notch filters (Semrock, NF03-532E-25). The SPDC radiation is imaged 
by a lens with f=500 mm onto the input slit of a spectrometer (Acton, SpectraPro 2300i). The slit of 
the spectrometer is positioned at the lens focal plane. At the output of the spectrometer the image of 
the slit, illuminated by the SPDC, is formed providing a two-dimensional wavelength-angular 
distribution, which is detected by an electronically multiplied CCD camera (Andor, iXon3 888, 
detection range 300-1000 nm, pixel area 13x13 µm
2
). Each CCD pixel in the horizontal scale is 
assigned to the corresponding wavelength, and each pixel in vertical scale is assigned to the 
corresponding angle. Each image is saved to the PC and then processed by Mathematica and Origin 
software. 
Dependence of the refractive indexes on pressure. We use values of the refractive index for CO2 in 
the visible range from the literature
18
, and assume that the dependence of the refractive index 𝑛 on the 
gas pressure 𝑃 follows: 𝑛(𝑃) = 1 +
𝑃(𝑛0−1)
𝑃0(1+(𝑇−𝑇0)/𝑇0)
, where 𝑛0 is a refractive index at the atmospheric 
pressure 𝑃0, 𝑇 is the temperature of the gas (300 K for our case), and T0=273K. 
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Figure 1 | The experimental setup. A CW-laser at 532 nm pumps two nonlinear crystals where 
SPDC occurs. The crystals are placed in a vacuum chamber. CO2 is injected into the chamber. The 
interference pattern of the SPDC from the two crystals is imaged by a lens onto a slit of a 
spectrograph and recorded by a CCD camera. 
 Figure 2 | The angular-wavelength intensity distribution for signal photons from two 
SPDC crystals. a, b, The intensity distribution obtained at the pressure of 0 Torr (vacuum) 
(a) and at the pressure of 7.7 Torr for CO2 gas (b). Absorption of idler photons by the CO2 
leads to the shift of the fringes and the decrease of their visibility. The top axis shows 
corresponding wavelengths of idler photons, which are set to be close to the CO2 resonance. 
Insets show angular distributions of the intensity at the wavelength of signal photons 608,5 
nm (idler wavelength 4230 nm) denoted by a yellow dotted line. In the insets red lines show 
experimental data and blue dashed lines show numerical fit of the experimental data. 
 
Figure 3 | The dependence on wavelength. a, b, The dependence of the absorption 
coefficient (a) and the refractive index (b) in the vicinity of the resonance for CO2 at the 
pressure of 10.5 Torr. Blue squares denote experimental and red line denotes theoretical 
calculations using Hitran data (a) and a Kramers-Kronig relation (b). The error bars show 
±st.dev. They are estimated within the fitting procedure with equation (2) assuming normal 
distribution of the intensity in the interference pattern. 
 Figure 4 | The dependence on pressure. a, b, Dependences of the absorption coefficient (a) 
and the refractive index (b) on the pressure of CO2 at various wavelengths.In the inset the 
detuning is indicated from the central wavelength of absorption line. The error bars show 
±st.dev. They are estimated within the fitting procedure with equation (2) assuming normal 
distribution of intensity in interference pattern. 
 
